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Introduction 
A glass is a special type of amorphous solids, which is prepared by continuous 
cooling from the liquid state without incurring crystallization, and a metallic glass 
consists of elements interacting mainly via metallic bonds. The atoms in bulk 
metallic glasses (BMGs) are in randomly arranged patterns; in most glasses with a 
pronounced short-range order, and they are not coordinated to form a periodic 
lattice as in crystals, where the equilibrium position of each atom is predictable. 
Due to the distinguished structure of BMGs, they have interesting physical, 
mechanical, chemical and magnetic properties, which make them attractive for 
different applications. These materials exhibit good soft magnetic properties and so 
they can be used e. g. in power distribution transformers and several other 
applications. Different metallic glass materials, such as Co-based alloys and Ti 
alloys have been used for biomedical applications. 
BMGs are interesting also for structural applications due to their high yield 
strength, low Young’s modulus, large elastic strain limit and good corrosion 
resistance. Depending on temperature and strain rate the plastic deformation of 
BMGs can be homogeneous or inhomogeneous. Large and homogeneous plastic 
deformation can take place at high temperatures, near or above the glass transition 
temperature, in the supercooled liquid region. At low temperatures, the deformation 
of BMGs is inhomogeneous. Inhomogeneous deformation occurs by the formation 
of very narrow shear bands in which the plastic strain is localized to about 10-20 
nm wide regions. In crystalline materials, strain hardening is usually observed, 
caused by the multiplication and interaction of dislocations. In contrast, the 
formation of a shear band in BMGs usually leads to strain softening (the increase in 
strain causes the material to be softer and so the material can be deformed at lower 
stresses and higher rates), but in some cases strain hardening was also observed, 
which was in most cases attributed to the formation or presence of nanocrystalline 
particles. The formation and evolution of shear bands is controlling in this 
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temperature range the plasticity of BMGs, and in many cases, the formation of a 
single dominant shear band quickly leads to failure. This inhomogeneous 
deformation limits the application of these materials as engineering materials so 
far, consequently a significant amount of research is focusing on improving the low 
temperature plasticity of BMGs. Extensive efforts have been made during the past 
several decades to explore the deformation behavior of BMGs in room temperature 
compression and tension tests, however in these uniaxial loading modes BMGs 
show brittle behavior. Multiplication and interaction between the shear bands 
seems to be the key to get ductile BMGs. One way to achieve this is to apply 
inhomogeneous deformation, in spite of this; the understanding of shear banding in 
BMGs is still limited so far because of the limited plasticity. It is important to 
understand the initiation, propagation, interaction and control of shear bands. 
Although torsional deformation, as an inhomogeneous deformation mode is 
suitable for the investigation of large plastic deformation because large strains (up 
to 10 shear strain in crystalline materials) can be attained, it was rarely used.  
The main aim of this thesis is to deepen the understanding of the deformation of 
BMGs and to explain the behavior of shear bands. Room temperature torsional 
deformation of Zr44Ti11Cu10Ni10Be25 (Vitreloy 1/Vit 1) BMG samples was 
investigated. Small and abrupt shear displacements in consequence of formation 
and extension of extremely localized shear bands are typical events which carry the 
plastic deformation in BMGs below the glass transition temperature, Tg. AE events 
signaling these abrupt plastic events can be observed throughout the whole plastic 
deformation process. Accordingly, acoustic emission (AE) measurements were 
carried out during the torsion tests. The mechanical investigations were 
supplemented further with nanoindentation tests to study the changes and local 
fluctuations in the hardness of samples pre-deformed in torsion to different plastic 
strains. Microstructure changes and crystallization were studied by SEM, TEM, 
XRD and DSC investigations.  
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Summary of the original results  
 
1. Surface shear strain at fracture exceeding γ=1 was attained in torsion on Vit 1 
samples, which shows that uncontrolled extension of a single shear band through 
the entire cross-section, leading to catastrophic failure, is not allowed in this 
deformation mode.  
2. The deformation was divided in four stages according to the evolution of the 
stress-strain (torque-angle) curves and the AE events. Stage I begins after the 
elastic deformation with the regime of (micro)plasticity in which AE events with 
small amplitudes and low event rate appear. During this stage the stability of 
deformation is ensured by the elastic core near the axis of the torsion sample and 
only small fluctuations are visible on the M(θ) curve, while a few shear bands 
appear on the sample surface. As the torque increases, the event rate of AE 
increases sharply and the amplitude of the events increases gradually. The slope of 
the M(θ) curve declines from linear, the effect of the elastic core vanishes gradually 
and a transition is observed into stage II, in which the uncontrolled deformation 
manifests itself by the appearance of serrations. The serrations coincide with strong 
AE pulses (bursts) with amplitudes over 50 dB. Some of these bursts are preceded 
by a series of smaller AE events with increasing event rate. With the progress of 
deformation, the serrations appear irregularly and longer smooth parts with small 
fluctuations are observed between the torque drops. In the subsequent Stage III the 
serrations and the strong AE bursts disappear completely, which indicates that the 
deformation becomes controlled. In this stage the BMG shows a slight strain 
hardening, which was also detected in the nanohardness distribution, and is 
attributed to the interaction of shear bands through their internal stress fields. 
Finally, in stage IV, the deformation and the AE signals are mainly determined by 
the formation and propagation of cracks. 
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3. Statistical analyses of AE amplitudes and waiting times between the events 
provide evidence of the statistical correlations within groups of the acoustic events. 
In agreement with these temporal correlations, direct inspection of the successive 
time intervals between subsequent events shows sequences of events with 
exponentially shortening waiting times. The appearance of these event sequences 
was explained by the intermittent formation of shear bands. 
4. The probability distribution of the waiting times between subsequent AE events 
shows transitions while the deformation goes through different stages. Comparison 
of the experimental distributions with the theoretical distribution of uncorrelated 
random events indicates that the nucleation and/or propagation of shear bands are 
correlated in stage II and stage III, while the nucleation of shear bands in stage I, as 
well as the crack formation in stage IV is consistent with statistics of uncorrelated 
events.  
5. The surface morphology of the samples subjected to torsional deformation 
showed a dense mosaic structure of intersecting shear bands. Periodic and local 
relaxation of the stress field in this mosaic structure leads to time periods with 
reduced shear band formation rate. These quiescent periods were interpreted as the 
waiting times of shear bands showing intermittent propagation. The sequence of 
shortening time intervals between events was reproduced by the exponential 
dependence of the waiting times on the band length. 
6. Independently from the various dynamic phenomena observed at the different 
deformation stages, gradual increase of the average hardness was observed with 
increasing surface shear strains. This trend was found using large number of 
nanoindentation tests and it also revealed a gradual widening of the hardness 
distribution.  Forming maps from the hardness data, spatial inhomogeneity of the 
deformed BMG samples have also been visualized. As BMGs are typically strain 
softening materials, the phenomenon of strain hardening was not anticipated and it 
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could be related to the increased inhomogeneity, i.e. to the shear band forming 
mosaic structure. 
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